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Abstract We investigate the centrality-dependent validity of the limiting-fragmentation hypothesis in rela-
tivistic heavy-ion collisions at energies reached at the Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC). A phenomenological analysis of Au-Au and Pb-Pb collisions within a three-source
relativistic diffusion model (RDM) is performed at
√
sNN = 19.6, 62.4, 130, 200, 2760 and 5023 GeV using
four centrality cuts at each energy. Linear and nonlinear expressions for the rapidity drift function are
tested. Our results are compatible with the limiting-fragmentation conjecture for the investigated central-
ities in the full energy range. The number of particles in the fragmentation and fireball sources are found
to depend on
√
sNN logarithmically and cubic-logarithmically, respectively.
PACS. 25.75.-q Relativistic heavy-ion collisions – 24.10.Jv Relativistic models (nuclear reactions)
1 Introduction
The occurence of limiting fragmentation (LF), or extended
longitudinal scaling, had been predicted for hadron-hadron
and electron-proton collisions by Benecke et al. [1]. It was
first shown to be present in charged-hadron production
at large pseudorapidities in the fragmentation region of
pp¯ data, in an energy range of
√
s = 53 − 900GeV [2]:
The charged-particle pseudorapidity yield dN/dη does not
depend on energy over a large range of pseudorapidities
η˜ = η − ybeam, with the beam rapidity ybeam. The frag-
mentation region grows in pseudorapidity with increasing
collision energy and can cover more than half of the pseu-
dorapidity range over which particle production occurs.
The approach to a universal limiting curve is a characteris-
tic feature of the particle production process, which turns
out to be especially outstanding in relativistic heavy-ion
collisions.
At the Relativistic Heavy Ion Collider RHIC in Brook-
haven, limiting fragmentation was shown to occur in Au-
Au collisions in the energy range
√
sNN = 19.6GeV to
200GeV [3,4,5]. For a given centrality, the pseudorapidity
distributions of produced charged particles were found to
scale with energy according to the LF hypothesis in a given
centrality class.
It is presently an open question whether limiting frag-
mentation will persist at the much higher incident energies
of
√
sNN = 2.76 and 5.02 TeV that are available at the
CERN Large Hadron Collider (LHC) in Pb-Pb collisions
since experimental results in the fragmentation region are
not available due to the lack of a dedicated forward spec-
trometer. Nevertheless, it is most interesting to account for
the collision dynamics more completely in this region. In
Ref. [6], we had therefore studied central Pb-Pb collisions
at LHC energies in a phenomenological model, with the
result that LF can be expected to hold in central events.
We now extend this work to investigate the centrality
dependence of limiting fragmentation in a three-source rel-
ativistic diffusion model (RDM, [7]). We consider equiva-
lent centrality classes at four RHIC energies and two LHC
energies in the range 0 − 30%. At RHIC energies, a de-
tailed comparison with PHOBOS data [8] is possible in
all four centrality bins, whereas at LHC energies our anal-
ysis remains a model-dependent prediction. For all six en-
ergies and four centralities, we also deduce the number of
produced charged hadrons in the respective two fragmen-
tation sources and the fireball particle-production source,
and determine their dependencies on
√
sNN .
Our analysis complements microscopic approaches such
as the multiphase transport model AMPT by Ko et al. [9]
or HIJING [10,11] in order to assess whether centrality-
dependent LF is valid from RHIC to LHC energies. AMPT
[9] had been tuned for the most central bin at RHIC and
LHC energies [12]. In spite of disagreements with the LHC
data in the midrapidity region, it had been concluded [13]
that AMPT and other microscopic codes reproduce LF at
RHIC energies. The same conclusion had been drawn from
calculations in the color-glass-condensate framework [14].
There exist also other phenomenological approaches
such as the thermal model [15,16,17,18] and hydrodynam-
ical models [19] which offer predictions regarding LF. The
thermal model is appropriate to calculate particle produc-
tion rates near midrapidity, but cannot be expected to
predict distribution functions at forward rapidities that
are needed to check the LF conjecture. It has nevertheless
been employed in the forward region [20], concluding that
LF should be violated at LHC energies.
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The relativistic diffusion model uses three sources for
particle production: a midrapidity fireball source and two
fragmentation sources [21,22,23,24,25,26]. The time evo-
lution of the distribution functions is accounted for through
solutions of a Fokker-Planck equation (FPE) for the rapid-
ity variable which are subsequently transformed to pseu-
dorapidity space through the appropriate Jacobian. The
three sources can then be added to obtain the charged-
hadron distribution that is used to check the LF hypoth-
esis.
In Ref. [27] we have shown that a FPE in rapidity space
can be derived from a nonequilibrium-statistical theory
of non-Markovian processes in spacetime that are equiva-
lent [28,29] to relativistic Markov processes in phase-space.
The fluctuating background that is required for such a de-
scription to be valid is provided by the quarks and gluons
in the fragmentation sources and in the fireball. A ther-
mally equilibrated heat bath as in the theory of Brownian
motion is not needed in the derivation. One obtains a FPE
for time-dependent particle transport in rapidity space.
Drift and diffusion terms are related through a fluctuation-
dissipation relation (FDR). With a constant diffusion coef-
ficient and the FDR, the drift function in stopping can be
calculated from the condition that the stationary solution
of the FPE equals a distribution function derived in the
color-glass condensate framework. For particle production,
a similar path will be pursued.
In the present work about charged-hadron production
and limiting fragmentation, we also use a FPE with con-
stant diffusion coefficients, and either a linear dependence
of the drift on rapidity y as in the original phenomenolog-
ical RDM, or a sinh(y) dependence [30,6] that asymptot-
ically leads to the Maxwell-Ju¨ttner equilibrium distribu-
tion. In case of the nonlinear drift, the transport equation
itself still remains linear, such that the time dependence
of the three sources can be treated individually, and the
corresponding results be added incoherently.
We briefly summarise the basic formulation in the next
section. In sect. 3, we apply the model with sinh-drift term
that requires a numerical solution to calculate charged-
hadron pseudorapidity distributions in Au-Au and Pb-Pb
at RHIC and LHC energies in four different centrality bins.
In each case, the LF conjecture is tested. For central col-
lisions, results are compared with analytical solutions ob-
tained earlier for linear drift. In sect. 4 we determine the
number of produced charged hadrons in the fragmenta-
tion sources and the fireball source at all six energies and
four centralities, and discuss their energy dependence. The
conclusions are drawn in sect. 5.
2 A phenomenological three-source model
The Lorentz-invariant cross section for produced particles
in relativistic heavy-ion collisions is
E
d3N
dp3
=
d2N
2pipT dpT dy
=
d2N
2pimT dmT dy
(1)
with the energy E = mT cosh(y), the transverse momen-
tum pT =
√
p2x + p
2
y, the transverse massmT =
√
m2 + p2T,
and the rapidity y = 0.5 ln[(E + p||)/(E − p||)].
In a three-source model for particle production, the
rapidity distributions for all three sources k = 1, 2, 3 are
obtained by integrating over the transverse mass mT
dNk
dy
(y, t) = c bk
∫
mTE
d3Nk
dp3
dmT , (2)
where the normalisation constants c bk for the three sources
depend on centrality, or impact parameter b. (Here and
subsequently we omit the index b in all other variables
such as Nk). The experimentally observable distribution
dN/dy is evaluated in every centrality bin at the freeze-
out time, t = τ f , which corresponds to the interaction
time τint of Refs. [21,30]: the time during which the system
interacts strongly. The full rapidity distribution function
for produced charged hadrons is obtained by weighting
the three partial distribution functions with the respective
numbers of produced charged hadrons Nkch and adding
them according to
dNch
dy
(y, t = τf) = N
1
chR1(y, τf) +N
2
chR2(y, τf) (3)
+NggchRgg(y, τf) ,
where 3 ≡ gg indicates that the fireball source is mostly
arising from low-x gluon-gluon collisions.
Within the model with sinh-drift that we consider in
this work, the superposition of particles from the three
sources is still possible because the FPE is a linear partial
differential equation. For symmetric systems, the problem
is simplified by only considering the solution for the pos-
itive rapidity region and mirroring the result at y < 0.
The parameters of the three-source model will be deter-
mined via χ2-minimisation with respect to the available
data, and can be used in extrapolations and predictions.
In view of the high temperatures reached in relativistic
collisions at RHIC and LHC energies, we rely on Boltzmann-
Gibbs statistics and adopt the Maxwell-Ju¨ttner distribu-
tion as the thermodynamic equilibrium distribution for
t→∞
E
d3N
dp3
∣∣∣
eq
∝ E exp (−E/T ) (4)
= mT cosh (y) exp
(−mT cosh(y)/T ) .
In the relativistic diffusion model [21,22,25,27,30], the
partial distribution functions Rk(y, t) (k=1,2,gg) evolve
in time towards this thermodynamic equilibrium distribu-
tion through solutions of the Fokker-Plannck equation
∂
∂tRk(y, t) = − ∂∂y
[
Jk(y, t)Rk(y, t)
]
(5)
+ ∂
2
∂y2
[
Dk(y, t)Rk(y, t)
]
with drift functions Jk(y, t) and diffusion functionsDk(y, t).
The latter are taken to be constant coefficients Dk in this
work. If, in addition, the drift functions are assumed to
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Figure 1. (a) Analytical solution of the RDM with linear
drift in a χ2-minimization with respect to the most central
2.76TeV Pb-Pb ALICE data [31] for charged-hadron produc-
tion as in Refs. [7,6]. The solid curve is the overall distribution,
the incoherent sum of the three sources. The distributions re-
sulting from the fragments are symmetric (dotted). The fireball
source is the essential contribution to the charged-hadron yield
(dashed). (b) Numerical solution of the RDM with nonlinear
drift. The distributions resulting from the fragments cover the
full pseudorapidity range (dotted). The midrapidity source is
wider and more pronounced compared to the linear-drift case
(dashed).
be linearly dependent on the rapidity variable y, the FPE
has the Ornstein-Uhlenbeck form [32] and can be solved
analytically [21]. For t → ∞ all three subdistributions
approach a single Gaussian in rapidity space which is cen-
tered at midrapidity y = 0 for symmetric systems, or at
the appropriate equilibrium value y = yeq for asymmetric
systems.
For constant diffusion and linear drift, the equilibrium
limit of the FPE solution deviates, however, slightly from
the Maxwell-Ju¨ttner distribution, although the discrepan-
cies are small and become visible only for sufficiently large
times. In order to attain the correct stationary solution,
the drift term must be modified according to [33,30]
Jk(y, t) = −Ak sinh(y) (6)
with a drift amplitude
Ak = mTDk/T . (7)
The drift force in the fragmentation sources k = 1, 2 grows
with increasing distance in y-space from the beam rapidity,
which enters through the initial conditions. The rapidity
distribution at thermal equilibrium can then be derived
[30] using Eqs. (2) and (4) as
dNeq
dy
= Cb
(
m2TT +
2mTT
2
cosh y
+
2T 3
cosh2 y
)
× exp
(
−mT cosh y
T
)
, (8)
with Cb being proportional to the overall number of pro-
duced charged hadrons N totch in the respective centrality
bin. The actual distribution functions remain far from
thermal equilibrium and the total particle number is eval-
uated based on the nonequilibrium solutions of the FPE,
which are adjusted to the data in χ2-minimisations.
We determine the drift amplitudes Ak in each central-
ity bin from the position of the fragmentation peaks. Diffu-
sion coefficients can then be calculated as Dk = AkT/mT
from eq. (7). These refer, however, only to the diffusive
processes. Since the fireball source and both fragmenta-
tion sources also expand collectively, the actual distribu-
tion functions are much broader [7] than what is obtained
from eq. (7). We therefore use values for the diffusion coef-
ficients (or the widths of the partial distributions) that are
adapted to the data. The total particle number is then ob-
tained in each centrality bin from the integral of the overall
distribution function. We shall investigate four centrality
bins at both, RHIC and LHC energies.
The RDM with linear drift has analytical solutions
that can be used directly in χ2-minimisations with re-
spect to the data, but numerical solutions of the FPE
are required for the sinh-drift, as outlined in Ref. [30]. To
arrive at a usable form for the computer, we transform
the equation for R(y, t) into a dimensionless equation for
f(y, τ) through the introduction of a timescale tc that de-
fines the dimensionless time variable τ = t/tc, such that
∂
∂t =
∂
∂τ t
−1
c and
∂f
∂τ
(y, τ) = tc A
∂
∂y
[
sinh(y) f(y, τ)
]
+ tc D
∂2
∂y2
f(y, τ) .
(9)
With A = mTD/T , we set tc = T/(mTD) = A
−1. As a
result, the dimensionless eq. (10) depends only on the
ratio γ = T/mT of temperature T and transverse mass
mT which measures the diffusion strength,
∂f
∂τ
(y, τ) =
∂
∂y
[
sinh(y) f(y, τ)
]
+ γ
∂2
∂y2
f(y, τ) . (10)
To recover the drift and diffusion coefficients, one there-
fore has to specify a time scale. Since the drift determines
the peak position, we choose the time-like variable τ such
that the peak position of the experimental data is repro-
duced, leaving the diffusion strength γ as free parameter.
Hence, for the three partial distributions in each central-
ity bin, there are three free parameters γk, with the two
values γ(1, 2) for the fragmentation sources being identi-
cal for symmetric systems such as Pb-Pb, but differing for
asymmetric systems like p-Pb.
The numerical solution is obtained using matlab’s in-
tegration routine pdepe for solving parabolic-elliptic par-
tial differential equations. We had shown in Ref. [30] that
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this method is very accurate when compared to results of
finite-element methods such as DUNE [34] and FEniCS
[35].
3 Charged-hadron production and limiting
fragmentation
We insert physical values for the temperature T , the trans-
verse massmT, and the initial conditions fi(y, t = 0) in or-
der to compare the model results to centrality-dependent
data. Two distributions centered at the beam rapidities
ybeam = ± ln(√sNN/mp) with a small width that corre-
sponds to the Fermi motion represent the incoming ions
before the collision. The exact width of the initial distri-
bution does not have a large effect on the time evolution
[30], we use gaussians with σ = 0.1. The same standard
deviation is assumed for the initial condition of the midra-
pidity source, which is centered at y = 0 for a symmetric
system, and at y = yeq for asymmetric systems.
For the temperature, the critical value T = Tcr =
160MeV of the cross-over transition between hadronic mat-
ter and quark-gluon plasma is adopted. Experimental val-
ues are deduced for the transverse mass from measured
transverse-momentum distributions.
We solve eq. (10) numerically for each centrality class
and transform the results to rapidity distributions as dis-
cussed in Ref. [6] according to
dNch
dy
(y, τ) = Cb
∫
m2Tf(y, τ)dmT . (11)
The constant Cb is adjusted to the total number of pro-
duced charged hadrons in a given centrality bin b.
At LHC energies, the fireball source yields the largest
contribution to charged-hadron production. Particles that
are produced from the fragmentation sources are not dis-
tinguishable from those originating from the fireball, but
must be included in a phenomenological model. In particu-
lar, when regarding the limiting-fragmentation conjecture,
the role of the fragmentation distributions is decisive since
they determine the behavior of the distribution functions
at large values of rapidity.
In case of unidentified charged particles, we first have
to transform from rapidity- to pseudorapidity space in or-
der to directly compare to data. The scattering angle θ
determines the pseudorapidity variable η according to
η =
1
2
ln
|p|+ p||
|p| − p||
= − ln
[
tan
(
θ/2
)]
, (12)
and we obtain the pseudorapidity distribution function dNdη
from the rapidity distribution dNdy as
dN
dη
=
dy
dη
dN
dy
= J
(
η,
m
pT
)
dN
dy
, (13)
with the Jacobian
J
(
η,
m
pT
)
=
cosh(η)√(
m
pT
)2
+ cosh2(η)
(14)
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Figure 2. Numerical RDM-solutions with nonlinear drift
(solid lines) adapted in χ2-fits to the data (dots) in four central-
ity classes. From top to bottom in each panel: 5.02 TeV and
2.76 TeV Pb-Pb [31,36]; 200 GeV, 130 GeV, 62.4 GeV, and
19.6 GeV Au-Au [8]. (a) Centralities 20 − 30% at RHIC and
LHC. (b) 10− 20% at RHIC and LHC. (c) 6− 10% at RHIC
and 5−10% at LHC. (d) 0−6% at RHIC and 0−5% at LHC.
for produced particles with massm and transverse momen-
tum pT. Since the transformation depends on the squared
ratio (m/pT)
2 of mass and transverse momentum of the
produced particles, its effect increases with the mass of
the particles and is most pronounced at small transverse
momenta. The full pT-distributions are, however, not avail-
able for all particle species that are included in the pseu-
dorapidity measurements and hence, one has to make es-
timates.
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Table 1. System and model parameters with sinh-drift in four centrality classes for Au-Au (RHIC) and Pb-Pb (LHC) at six
incident energies. Listed are particle content Ngg and N1,2 of the fireball and fragmentation sources, corresponding diffusion
strengths γgg and γ1,2, time-like variable τ (see text), χ
2- and χ2/ndf-values.
Centrality: 0–6% (RHIC) and 0–5% (LHC)√
sNN (GeV) |ybeam| Ngg N1,2 γgg γ1,2 τ χ2 χ2/ndf
19.6 3.037 20 830 0.214 6.01 0.800 239.1 4.78
62.4 4.197 435 1273 4.85 18.8 0.706 80.1 1.60
130 4.931 1276 1533 11.6 43.3 0.681 60.2 1.20
200 5.362 2013 1656 11.0 61.1 0.578 23.9 0.48
2760 7.987 12638 2309 115 1333 0.050 28.9 0.76
5023 8.585 16196 2548 232 1424 0.027 32.2 1.07
Centrality: 6–10% (RHIC) and 5–10% (LHC)√
sNN (GeV) |ybeam| Ngg N1,2 γgg γ1,2 τ χ2 χ2/ndf
19.6 3.037 20 700 0.274 6.66 0.800 237.7 4.75
62.4 4.197 439 1068 6.69 20.4 0.556 93.9 1.88
130 4.931 1228 1271 10.5 42.4 0.337 18.0 0.36
200 5.362 1871 1310 16.9 63.7 0.222 14.9 0.30
2760 7.987 10380 1987 117 1324 0.054 9.5 0.25
5023 8.585 13814 1926 237 1612 0.029 19.7 0.66
Centrality: 10–20% (RHIC and LHC)√
sNN (GeV) |ybeam| Ngg N1,2 γgg γ1,2 τ χ2 χ2/ndf
19.6 3.037 17 560 0.356 7.74 0.748 259.4 5.19
62.4 4.197 331 844 4.13 24.7 0.628 73.2 1.46
130 4.931 899 977 11.1 42.8 0.280 24.8 0.50
200 5.362 1403 1081 19.0 68.5 0.175 25.5 0.51
2760 7.987 7730 1573 141 955 0.043 5.66 0.15
5023 8.585 10153 1597 225 1565 0.030 18.1 0.60
Centrality: 20–30% (RHIC and LHC)√
sNN (GeV) |ybeam| Ngg N1,2 γgg γ1,2 τ χ2 χ2/ndf
19.6 3.037 18 391 0.539 9.22 0.792 277.1 5.54
62.4 4.197 273 553 6.21 25.0 0.297 78.3 1.56
130 4.931 639 598 11.9 42.2 0.404 93.5 1.87
200 5.362 1013 697 19.6 66.2 0.198 9.51 0.19
2760 7.987 5520 982 122 1073 0.050 13.5 0.36
5023 8.585 7027 959 227 1458 0.030 12.6 0.42
We had determined in Ref. [37] the Jacobian J0 at
η = y = 0 in central 2.76 TeV Pb-Pb collisions for identi-
fied pi−,K−, and antiprotons from the experimental values
dN
dη |exp and dNdy |exp as J0 = 0.856. Values at the other ener-
gies and centralities are found to vary between J0 = 0.830
and 0.861. With eq. (14) for pT ≡ 〈peffT 〉 one obtains
〈peffT 〉 =
〈m〉J0√
1− J 20
. (15)
The mean mass 〈m〉 is calculated from the abundancies of
pions, protons and kaons. Using J0, the Jacobian can be
written independently from the values of 〈m〉 and 〈peffT 〉 as
J (η,J0) = cosh(η)√
1−J 2
0
J 2
0
+ cosh2(η)
, (16)
resulting in J (η) = cosh(η)[0.365 + cosh2(η)]−1/2 for cen-
tral 2.76 TeV Pb-Pb collisions, and the same value at 5.02
TeV.
The effect of the Jacobian is most pronounced near
midrapidity, where it generates the dip in the pseudorapid-
ity distributions, as can be seen in fig. 1. Here, calculations
in the RDM using both, linear drift [26] and sinh-drift [6]
are compared with ALICE data for central Pb-Pb at 2.76
TeV [31]. The parameters and χ2-values for the sinh-drift
are included in table 1, the linear-drift calculation is as in
Ref. [26].
In this work, we are emphasizing the fragmentation re-
gion, where the Jacobian has almost no effect. We solve
eq. (10) with sinh-drift using Dirichlet boundary condi-
tions in four centrality classes at six incident energies, with
parameters given in table 1. We perform χ2-minimizations
with respect to the data in every centrality bin using Mat-
lab. The resulting charged-hadron pseudorapidity distri-
butions are shown in fig. 2 as functions of η − ybeam for√
sNN = 19.6, 62.4, 130 and 200 GeV Au-Au with PHO-
BOS data [8] and
√
sNN = 2.76 and 5.02 TeV Pb-Pb with
ALICE data [31,36]. Due to the sinh-drift, the fragmen-
tation distributions are less confined to the fragmentation
region as in the linear-drift model, but extend over the
whole pseudorapidity range. Hence, the Jacobian deforms
also the fragmentation distributions in the midrapidity re-
gion, as shown already in fig. 1 for central collisions. Limit-
ing fragmentation is clearly fulfilled within the RDM with
sinh-drift in all four centrality classes when comparing
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Figure 3. Number of produced charged hadrons Nch as function of
√
sNN in four different centrality classes for the three sources
in the RDM with nonlinear drift. The total number of particles (circles) is fitted with a power law (solid line). The particle
content of the fragmentation sources (triangles) depends logarithmically on
√
sNN (dashed), whereas the midrapidity source
(squares) shows a cubic-logarithmic (dotted) dependence. (a) Centralities 20− 30% at RHIC and LHC energies. (b) 10 − 20%
at RHIC and LHC. (c) 6− 10% at RHIC and 5− 10% at LHC. (d) 0− 6% at RHIC and 0− 5% at LHC. For comparison, the
result for the fragmentation sources in the analytic model with linear drift [7] is also shown in (d), dot-dashed.
with the Au-Au data at RHIC energies, and the results
are consistent with LF for Pb-Pb data at LHC energies
2.76 and 5.02 TeV in all four centrality classes as well.
4 Charged-hadron content of the sources
As proposed in Ref. [7] for the RDM with linear drift, we
now investigate the energy dependence of charged-hadron
production in the three sources using the model with sinh-
drift for each centrality class. Since the distributions re-
sulting from the fragmentation sources have a different
shape in the nonlinear-drift model, we can expect differ-
ent results from the linear-drift case.
The total number of produced charged hadrons follows
a power law [7]
Nch =
∑
i
Ni ∝ sb. (17)
The variable s is a dimensionless squared energy ratio
s ≡ sNN/s0, with suitably chosen s0. The particle con-
tent produced by the fragmentation sources, N1,2 depends
logarithmically on s,
N1,2 ∝ ln s. (18)
The midrapidity source Ngg, however, behaves differently
[7]. Its width Γ is proportional to the beam rapidity ybeam,
Γ ∝ ybeam ≃ ln
√
sNN
mp
∝ ln s . (19)
Hence, the width scales logarithmically with s. The par-
ticles produced in the midrapidity source result mainly
from low-x gluon-gluon interactions, with x the partonic
longitudinal momentum fraction. The predicted cross sec-
tion for such events is proportional to ln2 s [38], satisfying
the Froissart limit [39]. Since the cross section is directly
proportional to the yield density, the midrapidity source
distribution scales with ln s in width and with ln2 s in
yield density, such that the total functional dependence
of the produced charged particles in the central source is
expected to be [7,40]
Ngg ∝ ln3 s. (20)
We extract the values of N1,2,gg from our RDM-analysis
with nonlinear drift using suitable fit functions for the to-
tal number of produced charged particles, Ntot =
∑
iNi,
the number of particles produced in the fragmentation
sources, Nf = N1 + N2, and the number of particles pro-
duced in the midrapidity source, Ngg, as functions of the
squared center of mass energy sNN . The fits are done in
Matlab using the curve fit-function from the scipy.optimize
package. The routine computes the best results via a χ2-
minimization and also computes the covariance matrix,
such that the square roots of its diagonal entries are the
standard deviations.
For the total number of charged particles a power law
is expected. To be able to compare our findings directly
with the results for linear drift in Ref. [7], we choose s0 =
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Table 2. Number of produced charged hadrons in total Ntot, in the fragmentation sources Nf and in the midrapidity source
Ngg in four centrality classes as a function of the center of mass energy squared, sNN .
Ntot(s) = a (sNN/1TeV
2)b
Centrality class
RHIC / LHC
a±∆a b±∆b χ2/ndf
0–6% / 0–5% (10.6 ± 0.2) × 103 0.229 ± 0.004 17.3
6–10% / 5–10% (8.9± 0.2) × 103 0.226 ± 0.005 17.5
10–20% (6.8± 0.2) × 103 0.221 ± 0.005 12.1
20–30% (4.6± 0.1) × 103 0.220 ± 0.005 9.9
Nf = a ln(sNN/s0)
Centrality class
RHIC / LHC
a±∆a s0 ±∆s0 (GeV2) χ2/ndf
0–6% / 0–5% 313± 17 1.5 ± 0.7 7.6
6–10% / 5–10% 242± 18 0.9 ± 0.6 11.3
10–20% 198± 10 1.1 ± 0.5 4.2
20–30% 111± 7 0.3 ± 0.2 4.0
Ngg = a ln
3(sNN/s0)
Centrality class
RHIC / LHC
a±∆a s0 ±∆s0 (GeV2) χ2/ndf
0–6% / 0–5% 9.1± 0.3 104± 3 23.0
6–10% / 5–10% 7.9± 0.5 96± 6 65.5
10–20% 5.6± 0.3 88± 5 38.7
20–30% 3.7± 0.2 69± 5 21.6
1TeV2, such that s = sNN/1TeV
2 and
Ntot(sNN ) = a
(
sNN
1TeV2
)b
. (21)
For the most central class (see table 2), we find
a = (10.6± 0.2)× 103 ,
b = 0.229± 0.004 ,
consistent with the values a = 1.1 × 104 and b = 0.23
of Ref. [7] for linear drift. This is as expected, because the
influence of the drift term on the total number of particles
is negligibly small.
The produced charged particles resulting from both
fragmentation sources Nf are
Nf = N1 +N2 , (22)
with the results N1,2 from section 3 for the individual
sources. For the fragmentation sources we expect a log-
arithmic dependence
Nf(sNN ) = a ln
(
sNN
s0
)
. (23)
Here we use a and s0 as parameters. Since ln(sNN/s0) =
ln(sNN )−ln(s0), s0 determines the offset and should there-
fore be evaluated by the routine and not be fixed. This
yields
a = 313± 17,
s0 = (1.5± 0.7)GeV2
for the most central class. The values differ from the ones
in the RDM with linear drift [7], because the latter tends
to overestimate the effect of the fragmentation sources.
In the model with sinh-drift, the diffusion is so strong,
that the fragmentation distributions spread over the whole
pseudorapidity range. Hence, the form of the total distri-
bution results in the case of a sinh-drift mainly from the
central source – but the fragmentation sources are still
relevant to decide whether LF is fulfilled.
For the midrapidity source, the functional dependence
on s is a cubic logarithm as discussed above,
Ngg(sNN ) = a ln
3
(
sNN
s0
)
. (24)
The results in the most central class are
a = 9.1± 0.3,
s0 = (104± 3)GeV2.
In Ref. [7] the RDM with linear drift resulted in a = 7.5,
s0 = 169GeV
2 corresponding to a smaller yield in the
central source. The difference is due to the overestimate
of the fragmentation sources in the model with linear drift,
which causes an underestimate of the midrapidity source.
The results for the particle numbers in the centrality
classes that we have investigated in the model with sinh-
drift are shown in fig. 3. In central collisions, the results
for the fragmentation sources using the model with linear
drift as in Ref. [7] are also displayed, dot-dashed curve in
(d). For the other centralities, analyses in the model with
linear drift are not available. The midrapidity source be-
comes the main source for particle production at energies
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beyond the highest RHIC energy of 200 GeV, although at
LHC energies the fragmentation sources still contribute
substantially to charged-particle production.
5 Conclusion
We have investigated the centrality dependence of the
limiting-fragmentation conjecture in charged-hadron pseu-
dorapidity distributions in Au-Au and Pb-Pb collisions at
RHIC and LHC energies. A three-source relativistic dif-
fusion model with sinh-drift, which ensures the correct
Maxwell-Ju¨ttner equilibrium distribution, is the main ba-
sis of this study. It requires numerical solutions of the
transport equation. For central collisions, a linear drift
that allows for analytical solutions has also been tested.
The numbers of produced charged hadrons in the three
sources as functions of incident energy have been deduced.
The midrapidity source displays a cubic-logarithmic de-
pendence on
√
sNN and becomes the main source of par-
ticle production at LHC energies, but the fragmentation
sources remain relevant and are essential to maintain lim-
iting fragmentation.
Our analysis shows that the RDM with three sources
displays limiting-fragmentation scaling in agreement with
the data in four centrality bins at RHIC energies. Accord-
ing to our results, limiting fragmentation is likely to be
valid in the corresponding centrality bins at LHC energies,
thus spanning a factor of almost 260 in collision energy.
This conclusion disagrees with expectations from sim-
ple parametrizations of the rapidity distributions, and also
with predictions from the thermal model, which does not
consider the fragmentation sources. The latter play an es-
sential role in our nonequilibrium-statistical approach. It
would be desirable that future upgrades of the LHC detec-
tors will make it possible to test the limiting-fragmentation
conjecture experimentally at LHC energies in different cen-
trality bins.
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